Crown defoliation is extensively monitored across European forests within the International Co-operative Programme (ICP) as a proxy of forest health. Climate warming and drought are assumed to be the major drivers of tree growth and crown defoliation, particularly in seasonally dry areas such as the Mediterranean Basin. Here we analyse how climate, drought, and atmospheric processes are related to defoliation time series of five oak and five pine species that are dominant across Spanish ICP monitoring forest plots. We found that warmer and drier conditions during April were linked to enhanced defoliation. Warm April conditions were also related to high values of the Atlantic Multi-decadal Oscillation (AMO), thereby indicating large-scale links between atmospheric processes, temperature, and defoliation patterns. The temperature-defoliation association was species-specific since some tree species from wet sites showed a weak association (e.g., Quercus robur L.) whereas others from dry sites (e.g., Quercus ilex L.) presented the strongest associations. The latter tree species could be considered vulnerable to heat stress in terms of leaf shedding. We also explored if defoliation was related to radial growth and found negative associations in relatively dry areas. Warmer and drier conditions linked to increasing AMO values are connected to the post-1990s rise of defoliation in Spanish ICP forest plots. Combined incorporation of defoliation and growth into mortality models can provide insights into assessments of forest vulnerability.
Introduction
The frequency and intensity of droughts and heat waves is expected to increase throughout the 21st century as climates warm [1, 2] . Dry spells and heat waves during the early growing season cause rapid morphological responses in affected trees as leaf shedding (defoliation), early senescence, and canopy dieback leading to short-to long-term reductions in leaf area and growth, thus decreasing forest productivity [3, 4] . The negative effects of heat stress on trees are exacerbated by water shortage and can lead to widespread forest dieback, as has been observed in most drought-prone forest biomes [5, 6] . In fact, severe canopy defoliation in response to drought or heat stress reflects irreversible tree damage and portends forest dieback [7] . Distribution maps of the ten tree species studied in Spain (five pines and five oaks) and location of the International Co-operative Programme (ICP) forest plots used to obtain defoliation data (black circles). The maps for the combined distribution and plots of pine and oak species are also shown. The dotted box drawn in the Quercus spp. map shows the location of sites where the relationship between defoliation and growth was analysed (southern Teruel, Iberian System) (see Section 2.3). Table 1 . Mean (±SD, standard deviation) topographic, climatic, and structural characteristics of the ICP Forests plots (Levels I and II) where crown defoliation was assessed across Spain for ten tree species during the 1989-2010 period. Climate data was averaged (temperature) or summed (precipitation) for the 1989-2010 period. The number of plots and trees correspond to size samples used in the following analyses. 
Tree Species or Group

Defoliation Data
Annual crown defoliation was assessed for all considered species during the 1989-2010 period. This was done using all available Level I and Level II monitoring plots of the ICP Forests [29] European network located in Spain (Table 1) . Tree defoliation was annually recorded during summer and early autumn by two observers according to international guidelines [31] . Crown defoliation corresponds to the percentage of foliage missing in comparison with the expected amount for a healthy tree at the site [7] . In the Level I systematic network, defoliation is measured in 24 dominant trees per plot with a minimum height of 60 cm [29] . The Level I circular plots are distributed on 16 × 16 km grids throughout Europe encompassing 620 plots in Spain (Figure 1 ). The Level II plots correspond to an intensive monitoring network of forest health within 54 plots, each one with a 2500 m 2 area, located across Spain [29] . In this study, defoliation was averaged for each plot, year, and species. Since the 10 considered species correspond to two distinct taxonomic and ecological groups (oaks and pines), we also calculated the mean defoliation for each of these groups at the plot level.
Radial Growth Data
To investigate the relationship between defoliation and growth, we considered at least five ICP-Forests plots for each of the three tree species situated in the drought-prone eastern Spain, where a high density of defoliation plots exists (Figure 1 ). These sites were selected because of their proximity (less than 10 km apart, similar elevation) with ICP-Forests plots having complete defoliation survey records to compare with mean plot growth data. Tree-ring width series of three tree species (P. pinaster, P. sylvestris, and Q. ilex) which are widely spread across Spain were obtained from a previous study [32] and updated until 2010 (see sites' features in Table 2 ). We used dendrochronology to cross-date the tree-ring width series and to obtain growth data. In each plot, at least 15 dominant trees were sampled in a 0.5-ha large area by extracting two radial cores per tree at 1.3 m using a Pressler increment borer. Cores were air dried, sanded, and visually cross-dated. Individual tree-ring width series were measured to the nearest 0.01 mm with a LINTAB measuring device (Rinntech, Heidelberg, Germany). Cross-dating quality was checked using the software COFECHA [33] by assessing the coherence of the different ring-width series obtained from trees sampled in each site. Table 2 . Features of the study sites where tree-ring data was collected in eastern Spain (south Teruel) selected for analysing mean defoliation-growth associations. The mean tree-ring width and defoliation (±SD, standard deviation) were calculated for the common 1989-2010 period. Defoliation data were obtained from the ICP plots located nearest to the sampling sites (see Figure 1 ). Monthly climate data (T, mean temperature; P, total precipitation) were obtained and checked for homogeneity from 6130 local meteorological stations of the Spanish Meteorological Agency that covered the entire study area. We characterized the climate of plots dominated (>50% trees) by each tree species by averaging (temperature) and summing (precipitation) climate data for the period 1989-2010 using only stations located not further than 20 km from each study plot [17] . We also considered climate data in seasons as follows: winter (DJF), spring (MAM), summer (JJA), and autumn (SON). Climate data were transformed into normalized deviations to give them the same weight in further analyses. To detect changes in drought severity we used the Standardized Precipitation-Evapotranspiration Index (SPEI), which is a multi-scalar drought index based on the effect of temperatures and evapotranspiration on water availability [34] . The SPEI quantifies monthly cumulative drought stress at different time scales (e.g., a two-month April SPEI considers drought severity from March to April). The SPEI is able to quantify drought severity according to its intensity and duration. The SPEI monthly values were obtained for the period 1989-2010 at 0.5 • resolution and for 1-to 12-long month scales. For our study, we used data from the 0.5 • grids where each species was present according to its current distribution ( Figure 1 ). The SPEI data were downloaded from the SPEI Global Drought Monitor webpage [35] .
Lastly, we selected three indices which summarize the major atmospheric processes affecting climate in Spain. The Atlantic Multi-decadal Oscillation (AMO) is calculated from long-duration changes in the sea surface temperature of the North Atlantic Ocean and it is connected to temperature and precipitation patterns on North America and Europe [36, 37] . The North Atlantic Oscillation (NAO) is an atmospheric mode characterized by a north-south dipole across the North Atlantic determined by the position of the Iceland low and the Azores region [38] . The NAO characterizes the direction and strength of westerly winds reaching the Iberian Peninsula where high NAO indices are linked to the prevalence of the Azores high, and thus, dry and warm winter/early-spring conditions [39] . Such conditions are associated with reduced forest growth across Spain [21] . The Southern Oscillation Index (SOI) is based on the sea-level pressure and temperature differences between the tropical eastern and western Pacific Ocean and periods of negative SOI values correspond to very wet and warm conditions over South America (El Niño episodes), but dry winter-spring conditions over eastern Spain [40] . Atmospheric indices (AMO, NAO, SOI) were downloaded at a monthly scale from the Earth System Research Laboratory (ESRL-NOAA) web page [41].
Statistical Analyses
The associations between climate, the SPEI drought index, atmospheric indices, and defoliation variables were assessed using the Pearson (r) correlation coefficient and considering the 1989-2010 period (n = 22 years). These relationships were further modelled by applying stepwise linear regressions with forward selection to identify the main climate and atmospheric indices driving changes on the observed defoliation data. We used the function "step" of the package "stats" to fit these models and selected the most parsimonious model by minimizing the Akaike Information Criterion [42] . We calculated the Variance Inflation Factor (VIF) for each term in the selected model and discarded those models with variables showing VIFs higher than 4 which indicate multicollinearity among explanatory variables [42] . We also included the coefficient of variation and the first-order autocorrelation to quantify the variability and persistence (usually first-order autocorrelation) in the defoliation series. The temporal trends of defoliation for each plot were quantified using the Mann-Kendall tau (τ) statistic.
Pearson correlations were calculated between defoliation and tree-ring width for selected species where both datasets were available. Since most compared variables present first-order autocorrelation, we calculated corrected significance levels (Pcorr) using bootstrap estimates of 95% confidence intervals with an average block length proportional to the maximum estimated autocorrelation of the data [43] . The monthly climate and indices data are indicated in the results section by three-letter codes and the "t − 1" subscript indicates the previous year. All statistical analyses were done with the R statistical software [44] .
Results
Patterns and Trends of Defoliation Data
Oak and pine species showed similar mean maximum defoliation values (24.5%) and variability (coefficient of variation was 0.21) for the 1989-2010 period ( Table 3 ). The species with lowest and highest maximum defoliation values were P. sylvestris (19%) and Q. suber (32%), respectively. The maximum annual defoliation values (29%-32%) were observed during warm and dry periods in 1995-1996 and 2005-2006. All tree species and groups showed positive first-order autocorrelation values and significant positive trends, particularly P. pinaster (Table 3) . Table 3 . Descriptive statistics of crown defoliation of the tree species and taxonomic groups (oaks, pines) calculated for the 1989-2010 study period. The sample size is specified in Table 1 The combined defoliation series of oak and pine species were highly correlated (r = 0.95, Pcorr < 0.001) indicating a common response to external drivers (Table 4) . Considering the individual species defoliation data, most of these series were positively related, excepting Q. robur (Table 4) .
Associations between Defoliation, Climate and Drought
April temperature was positively and significantly (Pcorr < 0.0001) related to pine (r = 0.65) and oak (r = 0.63) defoliation data. This association with April temperature reached maximum values in P. nigra (r = 0.69) and Q. ilex (r = 0.67) and minimum values in P. pinaster (r = 0.55) and Q. robur (r = 0.46) ( Table 5) . No significant association was observed between defoliation and precipitation. Regression models selected April and June temperatures as the main explanatory climatic variables of defoliation, with April average temperatures being the most important particularly for Q. ilex, P. halepensis, P. nigra, P. pinea, P. pinaster, and Q. suber (Table 5) . Drier (lower SPEI values) spring conditions were linked to increased leaf loss since defoliation was inversely related to the April SPEI calculated at one-month long scales (Figures 2 and 3 ), except in P. pinaster which showed the most negative association for the July SPEI index calculated at four-month long scales. Note that in these species, P. pinea, P. sylvestris, and Q. robur, the most negative SPEI-defoliation correlations were not significant at the 0.05 level for 12-month scale (Figure 3) . The negative correlations between the one-month April SPEI and the mean defoliation series reached minimum values in the case of P. nigra, Q. faginea, and Q. suber (Figure 3) . 
Associations between Defoliation and Atmospheric Processes
Regarding atmospheric processes and related indices (AMO, NAO, SOI) the strongest associations were found between the AMO January (pines, r = 0.77; oaks, r = 0.71; Pcorr < 0.001 in both cases) and April (pines, r = 0.76; oaks, r = 0.72; Pcorr = 0.032 in both cases) indices and the pine and oaks defoliation data. These January and April AMO indices were positively associated to April temperatures (r = 0.54, Pcorr < 0.010; Figure 4 ). This explains why the multiple regression models selected the January (six species) and April (four species) AMO indices as the most important variables related to defoliation (Table 6) .
Defoliation series were also negatively associated to the February (pines, r = −0.58, Pcorr = 0.005; oaks, r = −0.46, Pcorr = 0.032) and August NAO indices (pines, r = −0.62, Pcorr < 0.0001; oaks, r = −0.61, Pcorr < 0.0001) ( Table 6 ). Considering several months, pine (r = −0.63, Pcorr < 0.0001) and oak (r = −0.53, Pcorr = 0.002) defoliation were negatively associated to the mean January to March NAO index. In the case of SOI, only a marginally significance was found between oak defoliation and the May index (r = −0.41, Pcorr = 0.062). All the aforementioned correlations remained significant when calculated with the atmospheric indices of the previous year because of the important first-order autocorrelation of defoliation series (Table 3) .
Regarding atmospheric processes and related indices (AMO, NAO, SOI) the strongest associations were found between the AMO January (pines, r = 0.77; oaks, r = 0.71; Pcorr < 0.001 in both cases) and April (pines, r = 0.76; oaks, r = 0.72; Pcorr = 0.032 in both cases) indices and the pine and oaks defoliation data. These January and April AMO indices were positively associated to April temperatures (r = 0.54, Pcorr < 0.010; Figure 4 ). This explains why the multiple regression models selected the January (six species) and April (four species) AMO indices as the most important variables related to defoliation (Table 6 ). 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 April temperature (ºC) 
Associations between Defoliation and Tree Growth
Growth and defoliation were negatively related, but this inverse association was stronger in the case of P. pinaster or P. sylvestris than in Q. ilex selected plots ( Figure 5 ).
with the atmospheric indices of the previous year because of the important first-order autocorrelation of defoliation series (Table 3) .
Growth and defoliation were negatively related, but this inverse association was stronger in the case of P. pinaster or P. sylvestris than in Q. ilex selected plots ( Figure 5 ). 
Discussion
We found that warm spring (April) to summer (June) conditions explained to a high degree increased defoliation levels in most tree species of the sampled Spanish ICP-Forests plots. In all species, April temperature was a more important predictor of defoliation than June temperature (Table 5) . Warm April conditions corresponding to high January and April AMO indices are associated to increased defoliation in Spanish forests. This finding is explained by the climatic links 
We found that warm spring (April) to summer (June) conditions explained to a high degree increased defoliation levels in most tree species of the sampled Spanish ICP-Forests plots. In all species, April temperature was a more important predictor of defoliation than June temperature (Table 5) . Warm April conditions corresponding to high January and April AMO indices are associated to increased defoliation in Spanish forests. This finding is explained by the climatic links existing between winter sea surface temperatures over the North Atlantic Ocean and spring temperatures over the Iberian Peninsula [36] . The response of defoliation to April temperatures was general, but each species presented a different sensitivity with species dominant at mesic (e.g., Q. robur, P. nigra) and xeric (e.g., Q. ilex, P. pinaster) sites presenting low and high defoliation responses, respectively, to temperature.
Some pine (e.g., P. halepensis, P. nigra) and oak (e.g., Q. faginea, Q. ilex, Q. suber) species were very sensitive in terms of crown defoliation to warm and dry April conditions (Figure 3 ). These pine species are dominant in the driest regions of eastern Spain, whereas the aforementioned oak species appear in the driest and warmest areas where oak forests prevail. Most tree species showed similar defoliation trends and patterns except Q. robur, which is present in mesic forests situated in wet areas of northern and north-western Spain (Figure 1 and Table 4 ). This could explain why this species presented the weakest association of defoliation data with April temperature. In the case of pine species, the P. pinaster defoliation degree was linked to the summer water balance (Figure 3 ). This finding agrees with the pronounced sensitivity of radial growth to water shortage observed in P. pinaster [32] .
Warm April conditions and severe summer drought have been already recognised as triggers of crown defoliation in Spanish forests [17, 23] . Summer dry spells have been related to crown leaf shedding, dieback, and increased mortality across Mediterranean forests [14] . In a Mediterranean holm oak forest, aboveground biomass was positively associated with wet late-summer conditions as reflected by positive September SPEI values, whilst warmer spring-to-summer conditions induced dieback [45] . In southern Norway, summer drought enhanced the shedding of brown needles of Norway spruce in the following autumn, but warm winter and spring conditions were stronger drivers of green needle fall which peaked in May [12, 19] .
The finding that warm and dry April conditions trigger defoliation ( Figure 3) indicates that high temperatures may induce leaf abscission shortly after bud break and enhance evapotranspiration in the early growing season. Heat and drought stress in spring induces leaf shedding which aids in preventing xylem embolism through segmentation of the vascular system [46] . Spring heat waves, without co-occurring dry spells, seem to be especially harmful for shade-tolerant tree species which exhibit pronounced abscission of recently formed leaves and are often less drought tolerant [8, 9] . However, the study species show similar shade tolerance, except oaks, which are in general more shade tolerant than pines; this difference could explain the defoliation sensitivity to temperature of some species as Q. ilex (Table 5) . Additional phenological features, such as bud-burst timing, could also explain differences between species. For instance, Q. faginea usually shows an earlier bud burst than Q. ilex when they coexist [47] , which could explain why the former species responded to April drought more than the later (Figure 3) . We speculate that early-flushing, shade-tolerant tree species dominating xeric sites will be very vulnerable in terms of canopy defoliation to spring heat and related drought stress. Nevertheless, this speculation does not preclude that prolonged and severe droughts cause massive leaf shedding and dieback in widely distributed drought-tolerant species as Q. ilex, as occurred after the Spanish 1994 Spanish -1995 Spanish , 2004 Spanish -2005 (Table 3 ) and 2012 dry spells [27, 48] . In many Spanish inland forests, trees face a double climatic stress characterized by winter coldness and summer drought [49] making trees very dependent on adequate thermal conditions and water availability during spring and fall, the two seasons most favourable to tree growth [50] . The presented results suggest that heat and drought stress during spring and summer could constrain forest productivity by enhancing leaf fall shortly after bud bursting even if leaf fall is delayed. In addition, if climate warming promotes an earlier leaf unfolding and increased synchronization of bud bursting some Iberian tree species may become more prone to heat-induced leaf damage during spring [51, 52] . Finally, the stronger relationships observed between defoliation and temperatures (Table 5) , as compared with those found with precipitation or the SPEI (Figures 2 and 3 ), indicate that defoliation is being triggered by temperature effects on soil water availability through changes in evapotranspiration. Since the major primary-growth processes of Mediterranean tree species (budburst, shoot elongation, leaf development, cambium reactivation) occur in spring [47] , heat and drought stress could alter those processes leading to the formation of canopy components (buds, shoots, leaves, branches) prone to show dieback. In addition, late-summer heat and drought stress could constrain fruit maturation and bud development, two phenological processes occurring during the late growing season in Mediterranean tree species [47] .
We detected negative defoliation-growth associations in the selected xeric sites ( Figure 5 ). Considering punctual defoliation estimates, it is often observed that trees with defoliation above 50%-60% thresholds reach a point-of-no-return and start showing growth decline [19, 25, 53] . Through time, negative, albeit weak to moderate, correlations between growth and defoliation have been reported for Norway spruce [54] and Scots pine [15] . In theory, the leaf transpiring area is related to the sapwood conducting area through hydraulic and carbon-related functional links [55] . However, this does not mean that defoliation and radial growth are necessarily related. First, defoliation does not represent the actual leaf biomass of a tree since disturbances (insect outbreaks, pollution, wind storms) can sharply modify leaf biomass and uncouple defoliation and growth [56] . Second, defoliation is a variable often showing first-order temporal autocorrelation which may show lagged responses to heat and drought stress. Third, wood formation constitutes an important carbon pool, but primary growth (bud, shoot and leaf development) has a superior rank within the tree as carbon sink [7] . In any case, longer time series of defoliation and growth data at several spatial scales (tree, plot, country) from very different forest types are required to improve further assessments of climate-defoliation-growth relationships. Nonetheless, at country and continental scales peaks in defoliation percentages, such as the one detected in 1990s (Figure 4) , has also been observed across European ICP plots [57] . This suggests that large-scale factors such as temperature are plausible drivers of crown defoliation patterns. In fact, in Spain pine species show synchronous year-to-year changes in radial growth up to 300 km apart as temperature variations occur [58] , and defoliation patterns present a similar range of spatial coherence [17] . Such large-scale patterns confirm the positive links found between defoliation and positive January and April AMO indices which correspond to warm spring conditions ( Figure 4 and Table 6 ). The negative association between defoliation and January to March NAO indices could be explained by wet conditions inducing an earlier or more abundant leaf unfolding [22] , which could be linked to reduced defoliation; albeit defoliation-rainfall correlations were not significant.
Additional environmental stressors could explain the analysed defoliation patterns such as air pollution, nitrogen deposition, insect outbreaks, and fungal pathogens. However, climatic factors seem the most plausible cause of country-wide synchronized defoliation patterns since pollution, nitrogen and sulphur deposition, elevated ozone levels, and pests play local and minor roles as defoliation drivers [59] [60] [61] . In addition, crown condition poses some limitations to assess changes in forest vitality since defoliation estimates depend on site conditions (e.g., soil texture), disturbance history (e.g., storms), forest management (e.g., thinning), tree features (e.g., tree size and dominance), and defoliation estimates may be biased by methodological uncertainties (e.g., different crown assessment between countries or field teams) [62] [63] [64] . After considering these shortcomings, we argue that crown defoliation in Spanish forests reflects climatic factors (spring temperatures, drought as represented by the SPEI) rather than air pollution. Our results allow tree species to be classified according to their vulnerability to climate warming based on their temperature-defoliation associations. Furthermore, the presented findings reinforce the value of extensive sampling programs for country-wide analyses such as the ICP Forests monitoring network of crown defoliation [20] . In drought-prone Spanish forests, climate stress plays a very relevant role to explain defoliation geographical patterns, as well as forest productivity patterns [20, 25, 26] . A similar role was also suggested for drought in mesic central European forests where the "Waldsterben" phenomenon was initially attributed to air pollution [65] . Further research efforts could integrate defoliation and growth data into models of forest mortality so as to determine the degree to which climate warming is important for the future health of forests. Recent studies indicate that warmer temperatures, rather than punctual droughts, represent the ultimate driver of long-term changes in tree mortality, as has been described in several forest biomes [66] [67] [68] . Since dry and heat spells co-occur, more effort should be focused to disentangle their effects on defoliation and forest growth vigour given the multiple climate alterations occurring during droughts (increased radiation, land heating, elevated amplified vapour pressure deficit). In this perspective, the presented results can provide basic knowledge to support the elaboration of adaptive management strategies under future climate scenarios.
Conclusions
To conclude, we confirmed that warmer and drier climate conditions during April are linked to enhanced defoliation in Spanish ICP-monitored forest plots. Such climate conditions were linked to elevated values of the Atlantic Multi-decadal Oscillation (AMO), suggesting the existence of large-scale links between atmospheric processes, April temperature, and forest defoliation patterns. The rise in AMO values is connected to warmer and drier conditions over the Iberian Peninsula and coincided with a defoliation increase after the 1990s. The observed temperature-defoliation associations changed between tree species because species dominant at wet sites showed the weakest association (e.g., Quercus robur L.), whilst congeneric species dominant at drier sites (e.g., Quercus ilex L.) showed the strongest associations. This sensitive tree species presented pronounced leaf shedding in response to heat stress during the early growing season. We also found negative associations between defoliation and radial growth in dry forests. Crown defoliation represents extensive information on tree vigour which could be used, in combination with long-term monitoring data and retrospective growth assessments, to better evaluate forest vulnerability in response to climate warming.
